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Princeton, New JerseyABSTRACT Flagellated bacteria, such as Escherichia coli, perform directed motion in gradients of concentration of attractants
and repellents in a process called chemotaxis. The E. coli chemotaxis signaling pathway is a model for signal transduction, but it
has unique features. We demonstrate that the need for fast signaling necessitates high abundances of the proteins involved in
this pathway. We show that further constraints on the abundances of chemotaxis proteins arise from the requirements of self-
assembly both of flagellar motors and of chemoreceptor arrays. All these constraints are specific to chemotaxis, and published
data confirm that chemotaxis proteins tend to be more highly expressed than their homologs in other pathways. Employing a
chemotaxis pathway model, we show that the gain of the pathway at the level of the response regulator CheY increases with
overall chemotaxis protein abundances. This may explain why, at least in one E. coli strain, the abundance of all chemotaxis
proteins is higher in media with lower nutrient content. We also demonstrate that the E. coli chemotaxis pathway is particularly
robust to abundance variations of the motor protein FliM.INTRODUCTIONFlagellated bacteria such as Escherichia coli are able to
move up concentration gradients of chemical attractants,
and down gradients of repellents, in a process called chemo-
taxis (1). The motion of these bacteria comprises periods of
straight swimming called runs and random changes of direc-
tion called tumbles. Run lengths are modulated to yield a
three-dimensional random walk biased toward the preferred
direction (2). Runs occur when flagella rotate counterclock-
wise and bundle together, whereas tumbles occur when one
or more rotate clockwise and disrupt the bundle (3).
In E. coli, transmembrane chemoreceptors form large and
highly ordered arrays at the cell poles. Chemoreceptors are
organized into trimers of dimers, and linked by CheW and
CheA into a honeycomb lattice (4–7), with a 6:1:1
receptor/CheA/CheW stoichiometry in terms of monomers
(7). Receptors control the activity of the histidine kinase
CheA, which phosphorylates the cytoplasmic response-
regulator protein CheY. Phosphorylated CheY (CheY-P)
binds to FliM in the flagellar motor to induce clockwise
rotation and tumbles. CheA also phosphorylates and acti-
vates CheB, a deaminase/methylesterase that together with
the methyltransferase CheR reversibly modifies specific res-
idues on the receptors to produce adaptation, i.e., to return to
a baseline activity level when chemoeffector concentrations
stay constant (8–10). Upon an increase in the concentration
of chemoattractant, the activity of CheA decreases, which
leads to fewer tumbles. Conversely, upon a decrease in theSubmitted December 8, 2014, and accepted for publication January 28,
2015.
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0006-3495/15/03/1293/13 $2.00concentration of chemoattractant, the activity of CheA in-
creases, yielding more tumbles. This biases the cell’s motion
toward climbing the gradient of chemoattractant.
E. coli chemotaxis is a model for signal transduction and
is a member of the family of two-component signaling sys-
tems that enable bacteria to sense and respond to various
features of their environment (9,11,12). However, the
chemotaxis pathway has unique features. First, chemotaxis
calls for very fast response times. We demonstrate that
this requirement necessitates high abundances of chemo-
taxis proteins. Second, chemotaxis involves large-scale mul-
tiprotein complexes, namely flagellar motors (13,14) and
chemoreceptor arrays (4–7). We show that the consequent
self-assembly requirements impose additional constraints
on the abundances of chemotaxis proteins. Because of these
specific constraints, we hypothesize that chemotaxis pro-
teins will be more highly expressed than their homologs
in other pathways. Published data are consistent with
this prediction, but more data would be required to defini-
tively confirm it. In addition, using a model of the chemo-
taxis pathway, we show that the gain of the chemotaxis
pathway at the level of CheY-P increases with overall
chemotaxis protein abundances. This is consistent with the
fact that artificially overexpressing chemotaxis proteins in
a concerted manner increases chemotactic efficiency,
measured by a swarm assay (15). Moreover, it may help
explain why the abundance of all the chemotaxis proteins
can be up to ninefold higher in nutrient-poor versus
nutrient-rich medium (16). We also demonstrate that the
pathway is particularly robust to abundance variations of
the motor protein FliM, in line with other robustness fea-
tures of the chemotaxis pathway (15,17–19).http://dx.doi.org/10.1016/j.bpj.2015.01.024
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Chemotaxis pathway model
We model the E. coli chemotaxis signaling pathway by the following sys-
tem of ordinary differential equations for the average cellular concentra-
tions of each protein in the pathway:
½CheAtot ¼ ½CheA þ ½CheA-P; (1)
½CheY ¼ ½CheY þ ½CheY-P þ ½FliM ,CheY-Ptot
þ ½CheZ ,CheY-P; (2)
½FliM ¼ ½FliM þ ½FliM ,CheY-P; (3)tot
½CheZ ¼ ½CheZ þ ½CheZ ,CheY-P; (4)tot
½CheBtot ¼ ½CheB þ ½CheB-P; (5)d½CheA-P 
dt
¼ akAcat½CheA  ½CheA-P kYa ½CheY
þ kBa ½CheB

;
(6)
d½CheY-P Y  Z
dt
¼ ka ½CheA-P½CheY  ½CheY-P ka ½CheZ
þ kMa ½FliM þ kYh
þ kZd ½CheZ ,CheY-P
þ kMd ½FliM ,CheY-P;
(7)
d½FliM  M Y
dt
¼ kd þ kh ½FliM ,CheY-P
 kMa ½CheY-P½FliM;
(8)
d½CheZ  
dt
¼ kZd þ kZcat ½CheZ ,CheY-P
 kZa ½CheZ½CheY-P;
(9)
d½CheB-P B B
dt
¼ ka ½CheA-P½CheB  kh ½CheB-P: (10)
Here, concentrations are denoted by square brackets, and total concentra-
tions by the subscript tot. Phosphorylated species are denoted by -P and
complexes by a dot between the two species names (e.g., FliM,CheY-P).
The first five equations express conservation of matter for each protein,
whereas the other five convey the kinetics of the chemical reactions in
the pathway. These reactions are depicted in Eqs. S1–S8 in the Supporting
Material.
We focus on the adapted state of the pathway and on its initial response to
attractant or repellent, without explicitly modeling the slower dynamics of
adaptation. In the adapted state, the active fraction a of CheA is modeled
as (20)
a ¼ k
R
cat½CheRtot
kRcat½CheRtot þ kBcat½CheB-P
; (11)Biophysical Journal 108(5) 1293–1305which follows if CheR methylates inactive receptors and CheB-P demethy-
lates active receptors. This active fraction is taken into account in the
system of differential equations (Eqs. 1–10) through the reduction of the
time-averaged autocatalytic rate of CheA from kAcat to ak
A
cat (see Eq. 6), as
in Sourjik and Berg (21).
Parameter values
We use experimentally-determined values for the reaction rates, k, in
Eqs. 1–11, except for kZa and k
Z
cat (Table S1). Indeed, although the reaction
rates for CheY-P dephosphorylation by CheZ have been measured in vitro
in the absence of CheA (22), it is known that CheZ binds to CheA-short, a
translational variant of CheA that cannot autophosphorylate, and that this
binding significantly activates CheZ (23–25). We thus adjusted kZa and
kZcat to obtain a fraction of CheZ bound to CheY-P of ~30%, consistent
with in vivo FRET measurements in the adapted steady state (21,26).
We use the average copy numbers of each chemotaxis protein per cell
measured in Li And Hazelbauer (16) for strain RP437 in rich medium
for all proteins but FliM, and those in Tang and Blair (27) and Delalez
et al. (28) for FliM, also in rich medium (Fig. 1). It is important to note
that the autocatalytic rate kAcat of the histidine kinase CheA is increased
~100-fold when CheA is in complex with chemoreceptors and CheW
(29), so only CheA in signaling complexes has significant kinase activity.
Receptors are limiting (16,30) for signaling complexes with a 6:1:1
receptor/CheA/CheW stoichiometry (7). Hence, we consider that the total
number of CheA proteins per cell that can be active (setting [CheA]tot) is
one-sixth the total number of receptor monomers. It is also observed
that <30% of FliM is found in complete flagellar motors (27,28,31),
and that only 16% is in the soluble fraction (31), whereas >25% of
FliM (28,31), probably all the rest, is found in partially assembled struc-
tures (see Supporting Material). Isolated FliM molecules have a much
lower affinity for CheY-P than FliM in motors, with a dissociation con-
stant of 27 mM (32) versus 3.5 mM (21,33–35), which leads us to disregard
isolated FliM. In the absence of any data to the contrary, we assume that
CheY-P binds FliM in partly and fully-assembled motors with the same
affinity. For each chemotaxis pathway protein, we derive the correspond-
ing effective total cellular concentration using the standard E. coli cell vol-
ume of 1.4 fL (15,21) (Table S2).
Numerical solution
We solve Eqs. 1–11 at steady state numerically, using NSolve (Wolfram
Mathematica, Champaign, IL). The initial response to saturating attractant
(or repellent) is obtained by abruptly decreasing the CheA active frac-
tion, a, to 0 (or increasing it to 1) from its adapted value. Hence, we solve
Eqs. 1–10 numerically with a¼ 0 (or 1), with the adapted concentrations as
initial conditions, using NDSolve (Wolfram Mathematica).
Pathway gain
We are interested in the gain of the chemotaxis pathway. The input is the
active fraction, a, of CheA, which directly depends on receptor states and
hence on chemoeffector concentrations. We consider two different outputs:
the concentration [CheY-P] of phosphorylated CheY and the fraction j of
FliM molecules bound to CheY-P, with corresponding gains defined by
GCheY-P ¼ D½CheY-P=½CheY-P
Da=a
; (12)
andGj ¼ Dj=j
Da=a
: (13)
In practice, gains in the linear-response regime are computed for the pread-
aptation response to a 1% increase of the CheA active fraction a from itsadapted value determined by Eq. 11.
FIGURE 1 Schematic of the chemotaxis signaling pathway in E. coli.
The number of copies per cell is indicated for each protein in the pathway.
For all proteins except FliM, these numbers correspond to the measure-
ments by Li and Hazelbauer (16) on strain RP437 in rich medium. For
FliM, they correspond to the measurements by Tang and Blair (27), and
Delalez et al. (28), also in rich medium.
A
B
FIGURE 2 Response timescales in the chemotactic pathway. (A) Sche-
matic of a chemotactic trajectory: the bacterium swims straight during
runs (lines with arrows), and randomly changes direction during tumbles
(solid circles), resulting in a three-dimensional random walk. The mean
run time under adapted conditions is ~1 s (36). (B) Schematic of the time-
scales involved in the initial (preadaptation) response to saturating attrac-
tant. The longest timescale corresponds to CheY-P dephosphorylation by
CheZ (21): it is much longer than receptor switching (37,38), motor switch-
ing (39), and unbinding of CheY-P from FliM (see main text), and slightly
longer than CheY-P diffusion (40,41).
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Fast response imposes constraints on the
abundances of chemotaxis proteins
Chemotactic trajectories are composed of straight runs and
random changes of directions, or tumbles (Fig. 2 A). The
mean run time of E. coli cells under adapted conditions is
about 1 s (36). Hence, in practice, cells must make a deci-
sion whether to change direction in less than a second.
The observed timescale of response to a saturating attractant
is ~0.3 s (21). Fig. 2 B shows the timescales of the different
molecular events involved in this response. The longest one
is the dephosphorylation time, ~0.3 s, of the cellular pool of
CheY-P by the phosphatase CheZ (21). Here, we show thatthis timescale implies lower bounds on the dissociation con-
stant of FliM and CheY-P and on the abundances of several
proteins in the chemotaxis pathway.
The CheY-P molecules bound to FliM proteins need to
unbind and to be dephosphorylated within this 0.3 s for
the pool of CheY-P to reflect the current chemoeffector con-
centration, thus ensuring an appropriate response. The un-
binding timescale is 1=kMd , where k
M
d is the dissociation
rate of FliM and CheY-P (see Eq. 8), so 1=kMd (0:3 s implies
kMd T3:3 =s. Since the binding of FliM and CheY-P is diffu-
sion-limited, i.e., as fast as it can be, with a rate constant ofBiophysical Journal 108(5) 1293–1305
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and CheY-P must satisfy KMd hk
M
d =k
M
a T0:7 mM. In reality,
KMd ¼ 3:5 mM (21,33–35), and the associated unbinding
timescale is 0.06 s. Hence, our lower bound on KMd is
satisfied.
In the adapted state, the fraction j of FliM molecules that
are bound to CheY-P should be in the intermediate range to
respond readily to both increases and decreases of the free
CheY-P concentration [CheY-P]. Assuming an adapted
j T 0.25, which is in the lower range of the region where
the motor can switch rotation direction (21), we obtain
½CheY-PTKMd =3 ¼ 1:17 mM and [FliM,CheY-P] T 0.25
[FliM]tot¼ 0.35mM,wherewe used the total FliM concentra-
tion in Table S2 (seeMaterials andMethods). Hence, the total
cellular concentration of CheY-P is CCheY-P ¼ [CheY-P] þ
[FliM,CheY-P] T 1.5 mM. Note that here we do not take
into account the CheY-P that are bound to CheZ and thus
essentially sure to be dephosphorylated (since kZcat[k
Z
d ;
see Table S1). In practice, ~30% of CheY is phosphorylated
(36), yielding CCheY-P¼ 3 mM (using the total CheY concen-
tration in Table S2). Hence, our lower bound on CCheY-P is
satisfied, with the actual value being only twice as large.
We now focus on the dephosphorylation of CheY-P,
whose steady-state rate is (Eq. 9)
d½CheY-P
dt

dephos
¼ kZcat½CheZtot
½CheY-P
kZcat þ kZd
kZa
þ ½CheY-P
:
(14)
The whole cellular pool of non-CheZ-bound CheY-P, with
concentration CCheY-P, needs to be dephosphorylated within
0.3 s. Using the minimal values of [CheY-P] and CCheY-P
calculated above and the rate constants in Table S1, this
requirement yields [CheZ]tot T 2.3 mM. Note that using
the experimental values for kZcat and k
Z
a from Silversmith
et al. (22), which disregard CheZ activation by CheA-short,
gives a similar result, [CheZ]tot T 1.8 mM. Experiments
yield [CheZ]tot ¼ 3.8 mM (Table S2), so here, too, our lower
bound is satisfied, with the actual value being less than twice
as large.
For turnover to occur within 0.3 s, ensuring that [CheY-P]
reflects the current chemoeffector concentration, the whole
cellular pool of non-CheZ-bound CheY-P also needs to be
(re)phosphorylated within this time. Phosphotransfer from
CheA-P to CheY being very fast, the limiting step is
CheA autophosphorylation (43). Hence, the steady-state
CheY phosphorylation rate is simply akAcat½CheAtot
(Eq. 6). Using the minimal values of CCheY-P and of
[CheZ]tot calculated above, and k
A
cat ¼ 20=s (Table S1), we
obtain a[CheA]tot T 0.25 mM. The total concentration of
CheA in arrays (determined from the receptor concentration
and the stoichiometry (see Materials and Methods and Table
S2)), [CheA]tot ¼ 3.0 mM, is substantially larger than this
lower bound. This hints at a low active fraction a, consistentBiophysical Journal 108(5) 1293–1305with previous estimates, which range from a few percent
(21,44) to ~30% (26,45).
Hence, the requirements of fast signaling impose lower
bounds on the cellular concentrations of CheY-P, CheZ,
and active CheA, as well as on the dissociation constant,
KMd , of CheY-P and FliM. These lower bounds are satisfied
by experimental values and are consistent with a low
adapted CheA active fraction.Pathway model accounts for observed
concentrations and response times
Although the above simple arguments enabled us to derive
constraints on the abundances of chemotaxis proteins, a
more detailed comparison to observed concentrations and
response times requires a mathematical model. Here we pre-
sent results from the pathway model given by Eqs. 1–11.
Similar models have been productively employed previ-
ously to investigate various aspects of the chemotaxis
network (15,18,21,46). Our focus is on the impact of protein
abundances on gain.
The adapted steady state of the chemotaxis pathway is ob-
tained by solving Eqs. 1–11 at steady state with the param-
eter values in Tables S1 and S2 (see Materials and Methods).
It yields [CheY-P] þ [FliM,CheY-P] ¼ 3.0 mM, in agree-
ment with Cluzel et al. (33), and a proportion of phosphor-
ylated CheY-P of 31%, in agreement with Alon et al. (36).
Besides, we obtain a fraction j of FliM molecules that are
bound to CheY-P of 41% in the adapted state, which is in
the functional range where the flagellar motor is able to
switch (21). We also obtain a fraction a of active CheA of
25% in the adapted state, which is within the range of pre-
vious estimates (21,26,44,45).
The initial (preadaptation) response of the pathway to
instantaneous addition of saturating attractant (or repellent)
is obtained by solving Eqs. 1–10 with the adapted steady-
state concentrations as initial conditions, setting the CheA
active fraction, a, to 0 (or 1) (see Materials and Methods).
Upon addition of attractant, [CheY-P] is found to decrease
to 0 with a half-time of 0.13 s, and the fraction j of FliM
proteins bound to CheY-P decreases with a half-time of
0.23 s (Fig. 3). This is in reasonable agreement with Sour-
jik and Berg (21), where the half-time for the decay of
CheY-P bound to FliM, observed experimentally by
FRET, is 0.32 s. Note that the difference between the time-
scales obtained for [CheY-P] and for j from our pathway
model indicates that the unbinding time of CheY-P from
FliM is not negligible, contrary to the usual assumption
(21). Addition of repellent yields a faster response, with
half-times of 0.07 s and 0.08 s for the respective increases
of [CheY-P] and of j (Fig. 3). This is in reasonable agree-
ment with the experimental value of 0.03 s for the half-
time of the increase of j (21). Response to saturating
repellent is faster because it relies on CheY phosphoryla-
tion by CheA, which is very fast when a ¼ 1, whereas
AB
FIGURE 3 Response to addition of saturating attractant or repellent, ob-
tained from the pathway model (Eqs. 1–10). (A) Concentration of free
CheY-P ([CheY-P]) versus time after a step addition of saturating attractant
(blue curve) or repellent (red dashed curve). Addition of saturating attrac-
tant (or repellent) is modeled by changing instantaneously the CheA active
fraction, a, from its adapted value (cf. Eq. 11) to 0 (or 1). Dots indicate the
half-maximal response. (B) Fraction j of FliM proteins bound to CheY-P
versus time after a step addition of saturating attractant (blue curve) or re-
pellent (red dashed curve). Dots indicate the half-maximal response. To see
this figure in color, go online.
A
B
FIGURE 4 Effects of fold change of expression of all chemotaxis
signaling proteins (as in Kollmann et al. (15)), obtained from the pathway
Abundances of Chemotaxis Proteins 1297CheY-P dephosphorylation is limiting in response to attrac-
tant (Fig. 2).
The good agreement of the model with observations,
obtained by adjusting only kZcat and k
Z
a to match the frac-
tion of CheZ bound to CheY-P (see Materials and
Methods), encourages us to further study the implications
of the model.model in the adapted state (Eqs. 1–11). Onefold expression corresponds to
the abundances in Table S2, i.e., to those measured in Li and Hazelbauer
(16) for strain RP437 in rich medium. In the same rich medium, the fold
expression for strain OW1 is ~0.22, whereas in minimal medium, the
fold expression is ~1.1 for strain RP437 and 2.0 for strain OW1 (16) (values
averaged over all chemotaxis signaling proteins). (A) Adapted free CheY-P
concentration ([CheY-P]) versus fold expression of the chemotaxis proteins.
(Inset) Adapted fraction j of FliM proteins bound to CheY-P versus fold
expression. Thin horizontal lines indicate the analytical high-abundance
limit in the fast-phosphotransfer regime (Eq. 16 and Eq. S20 in the Support-
ing Material). Thin dotted lines represent the analytical low-abundance
limit (Eq. 17 and Eq. S29 in the Supporting Material). (B) Corresponding
gain in the linear-response regime. Blue and red curves represent the gain
for CheY-P, GCheY-P (Eq. 12) and the gain for j, Gj (Eq. 13), respectively.
Thin horizontal lines indicate analytical high-abundance asymptotic gains
in the fast-phosphotransfer regime (Eq. 18 and Eq. S24 in the Supporting
Material). The dotted curve shows the ratio of total CheZ concentration
to free CheZ concentration, [CheZ]tot / [CheZ]; in the simplified-pathway
fast-phosphotransfer regime,GCheYP¼ [CheZ]tot / [CheZ] (see Supporting
Material). To see this figure in color, go online.Effect of a concerted increase of protein
abundances
The overall abundances of chemotaxis signaling proteins
(Che proteins and chemoreceptors) are variable across
E. coli strains and growth conditions, but relative propor-
tions are well conserved (16). Strikingly, these proteins
are more highly expressed in minimal medium than in
rich medium (16). When the abundances of chemotaxis
signaling proteins were varied in a concerted fashion (15),
the chemotactic efficiency of cells (measured by a swarm
assay) was found to increase sharply up to wild-type abun-
dance, and then to continue increasing much more gradually
while progressively leveling off. Here, to mimic the experi-
ment of Kollmann et al. (15), we vary the abundances of
CheA, CheY, CheZ, CheB, and CheR while keeping theirproportions and the FliM abundance fixed, as in Table S2.
(We checked that varying the abundance of FliM in a
concerted fashion with the other abundances does not affect
our conclusions.) Solving our pathway model (Eqs. 1–11) in
the adapted steady state, we find that when protein abun-
dances are increased, [CheY-P] and j both increase sharply
up to about reference abundances, and the increase then pro-
gressively levels off (Fig. 4 A). Our reference abundances
(onefold in Fig. 4) correspond to those measured by Li
and Hazelbauer (16) for strain RP437 in rich medium (see
Materials and Methods and Table S2).
The effect of a concerted variation of protein abundances
on [CheY-P] was previously modeled in Levin et al. (18).
Our results (Fig. 4 A) are mostly consistent with the LevinBiophysical Journal 108(5) 1293–1305
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obtained a maximum in [CheY-P] versus fold abundance.
In our framework, too, modifying details of the adaptation
model (Eq. 11) can result in such a maximum, but above
onefold expression (for realistic parameter values), so our
main conclusions are not affected. In Kollmann et al. (15),
clockwise bias was found to be monotonic versus concerted
fold expression, which is consistent with our results
(Fig. 4 A). Building on a framework similar to that of Levin
and colleagues (18), we include CheZ saturation by CheY-P,
which has now been measured (21,26), and we discuss FliM
occupancy j and gain, and provide analytical insight for
simple regimes.
For reference abundances and higher, the steady-state
phosphorylated fraction of CheA is very small, because of
the rapidity of phosphotransfer from CheA-P to CheY
(43). In this fast phosphotransfer regime, it is possible to
solve analytically a simplified version of the pathway (see
Supporting Material): if the autophosphorylation rate of
CheA is less than the maximal dephosphorylation rate of
CheY-P by CheZ, i.e., if
a<
kZcat½CheZtot
kAcat½CheAtot
; (15)
then
½CheY-P ¼
a
kAcat
kZa
½CheZtot
½CheAtot
 a k
A
cat
kZcat
; (16)
and j is given by Eq. S20. These expressions only depend
on abundance ratios, on kinetic rate constants, and on a,
which converges to a constant value at high abundances
(see Supporting Material). Hence, in the high-abundance
limit, these steady-state values of [CheY-P] and j, which
arise from the equilibration of phosphorylation and dephos-
phorylation of CheY, converge to plateaus invariant to
concerted variations of the overall abundances. Conversely,
if the condition in Eq. 15 is violated, CheZ is saturated, and
[CheY-P] increases with overall abundances. The conditions
for the fast phosphotransfer regime are satisfied with the
standard abundances used here and with higher overall
abundances (see Supporting Material). The plateaus of
[CheY-P] (Eq. 16) and j (Eq. S20) are indicated by thin
lines in Fig. 4 A.
In the opposite limit of low abundances, two-molecule
encounters become unlikely, including the binding of
CheY to CheA-P, so the phosphorylated fraction of
CheA becomes high, and only a small fraction of CheZ
and of FliM are bound to CheY-P. Using the simplified
pathway model presented in the Supporting Material, we
show that if ½CheYtot  minðakAcat=kYa ; kZcat=kZa ;KMd Þ and
½CheZtot  kZcat=kZa , thenBiophysical Journal 108(5) 1293–1305½CheY-P ¼ ½CheYtot
1þ k
M
a
kMd
½FliMtot þ
kZa
kYa
½CheZtot
½CheAtot
: (17)
Hence, in the low-abundance limit, [CheY-P] grows in pro-
portion with the overall abundances of the Che proteins. The
same is true for j (Eq. S29 in the Supporting Material). The
low-abundance asymptotes (Eqs. 17 and S29) are plotted as
thin dotted lines in Fig. 4 A.
Our pathway model also yields the gain, GCheY-P, of the
pathway at the level of the response regulator. This gain
grows with overall abundance of chemotaxis proteins, and
it plateaus in the high-abundance limit (Fig. 4 B). The cor-
responding asymptotic value can be determined analytically
within the simplified pathway model in the fast-phospho-
transfer regime: GCheY-P (Eq. 12) can be obtained from
Eq. 16. It yields
GCheY-P ¼
½CheZtot
½CheAtot
½CheZtot
½CheAtot
 a k
A
cat
kZcat
; (18)
which becomes independent of overall abundances as a con-
verges to its high-abundance limit. Besides, in this regime, it
can be shown that GCheY-P ¼ [CheZ]tot / [CheZ] (see Sup-
porting Material). Thus, the gain in [CheY-P] arises from
the saturation of the phosphatase CheZ by CheY-P:
increasing the active fraction, a, of CheA increases phos-
photransfer to CheY, and hence [CheY-P], but this increase
is larger than that of a, because at the same time, CheZ
becomes more saturated, reducing the rate of dephosphory-
lation of CheY-P (see also van Albada and TenWolde (47).).
In Fig. 4 B, the thin horizontal blue line represents the
plateau for GCheY-P (Eq. 18) and the dotted curve shows
[CheZ]tot / [CheZ]; at sufficiently high abundances, it
closely approximates the gain derived from numerical solu-
tion of the full pathway. In a similar way, Gj (Eq. 13) can be
determined analytically within the simplified pathway
model in the fast-phosphotransfer regime (Eq. S24 and
Fig. 4 B, thin horizontal red line).
We conclude that the gain in CheY-P increases with over-
all abundances up to about reference levels. Moreover,
chemotactic signaling is robust with respect to concerted
overexpression of the chemotaxis proteins (see also Koll-
mann et al. (15)), as [CheY-P] remains lower than
KMd ¼ 3:5 mM, so that j < 0.5 remains in the functional
range, below the threshold value (~0.57) above which the
motor only rotates clockwise (21).Effect of separately varying the concentration of
each protein in the pathway
To study the effect of varying the abundance of each protein
separately on the adapted steady state of the pathway, we
Abundances of Chemotaxis Proteins 1299separately varied CheY, FliM, CheA, CheZ, CheR, or CheB
abundances while keeping the abundances of all others fixed
(values in Table S2). Specifically, we calculated the gains
GCheY-P and Gj (Fig. 5), as well as the fraction j of FliM
molecules bound to CheY-P (Fig. S2) and the concentration
of free CheY-P, [CheY-P] (Fig. S3).
The effect on [CheY-P] of protein abundance variations
was investigated in Levin et al. (18). In addition to the dif-
ferences mentioned above, that study did not include FliM,
but it included CheW and receptors. Our results (Fig. S3)
are consistent with theirs (18) for abundance variations of
CheY, CheZ, CheR, and CheB. However, upon CheA
abundance variation, Levin and colleagues (18) obtained
a weak maximum of [CheY-P] arising from their model
of CheA interactions with CheW and receptors. We focus
on gain and on the stability of the pathway to FliM abun-
dance variation, aspects that were not included in the Levin
study (18).
Fig. 5 shows that the gain of the chemotaxis pathway is
robust to moderate individual variations of the abundances
of each protein. Variations of Gj are even weaker than thoseA
C
E
B
D
F
FIGURE 5 Effect of fold change of expression of each chemotaxis
signaling protein separately, obtained from the pathway model in the
adapted state (Eqs. 1–11). Onefold expression corresponds to the abun-
dances in Table S2, i.e., to those measured in Li and Hazelbauer (16)
for strain RP437 in rich medium, as in Fig. 4. Linear-logarithmic plots
in (A)–(F) show the gain for CheY-P, GCheY-P (blue curves, c.f. Eq. 12)
and the gain for j, Gj (red dashed curves, cf. Eq. 13), versus the fold
expression of each protein, keeping all others at their onefold level. In
the shaded zones, j is either <0.11 or >0.57 (Fig. S2), in which case
the flagellar motor should rotate only counterclockwise or only clockwise,
respectively, in the adapted state (21). To see this figure in color, go
online.of GCheY-P, due to the mitigating effect of FliM saturation by
CheY-P.
Fig. 5 A shows that GCheY-P increases with CheY abun-
dance. Indeed, increased CheY abundance (at constant total
CheB and CheA levels) results in less CheB phosphoryla-
tion, due to competition for CheA-P. Reduced [CheB-P]
in turn results in an increase of the adapted a (Eq. 11),
and hence of [CheY-P] and j (Fig. S2 A). Higher [CheY-P]
(at constant total CheZ level) means that CheZ becomes
more saturated, increasing GCheY-P (see above). Consis-
tently, in the fast phosphotransfer regime, Eq. 18 shows
that GCheY-P is an increasing function of a, which itself in-
creases with CheY abundance, for the above-mentioned
reasons.
Fig. 5 B shows that the gains are almost independent
of the abundance of FliM, and Fig. S2 B shows that the
same is true for j. In addition, solving our simplified
pathway model in the fast phosphotransfer regime gives ex-
pressions for [CheY-P], for j, and for the gains that are
entirely independent of FliM abundances (Eqs. 16, 18,
S20, and S24). This robustness of the pathway to FliM
abundance variation arises from the fact that, in contrast
to the free CheY-P molecules, the molecules that are bound
to FliM cannot be dephosphorylated by CheZ (they can
autodephosphorylate, but this process is much slower
than dephosphorylation by CheZ). This is analogous to
the case of transcription factors studied by Burger et al.
(48): if transcription factors (or in our case CheY-P) can
be degraded (or in our case dephosphorylated) only when
they are not bound to their DNA targets (bound to
FliM), then the concentration of nonbound transcription
factors is independent of the number of DNA targets
(FliM molecules).
In Fig. 5 C, GCheY-P features a weak maximum at about
twofold abundance of CheA. Increasing CheA abundance
raises the level of phosphorylation of CheY, which yields
an increase of j (Fig. S2 C), and moreover increases satura-
tion of CheZ, which increases GCheY-P. However, once the
CheA abundance is so high that almost all CheY is phos-
phorylated and almost all CheZ is saturated, increasing a
primarily increases [CheA-P] and not [CheY-P]; hence, in
this regime, the gain decreases with CheA abundance. The
maximum in GCheY-P is smoothed out in Gj due to FliM
saturation (Fig. 5 C).
Increasing CheZ abundance has the opposite effect of
increasing CheA abundance, since these two enzymes have
an antagonistic role in the pathway. Accordingly, GCheY-P
features a weak maximum at ~0.5-fold abundance of CheZ
(Fig. 5 D), with j decreasing when CheZ abundance in-
creases (Fig. S2 D). Increasing CheR abundance yields an
increase of the active fraction, a, of CheA (Eq. 11). Hence,
it is effectively similar to increasing CheA abundance
(Figs. 5 E and S2 E). Finally, increasing CheB abundance
has the opposite effect, i.e., similar to the effect of increasing
CheZ abundance (Figs. 5 F and S2 F).Biophysical Journal 108(5) 1293–1305
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Fast signaling requirements impose strong
constraints on the chemotaxis pathway
The chemotaxis pathway is a member of the family of two-
component signaling systems that enable bacteria to sense
and respond to various features of their environment. This
pathway is widely studied as a model signaling system.
However, it faces specific constraints. Chemotaxis regulates
cell swimming with response times of a fraction of a second.
Longer response timescales would directly increase the lag
between detection of a chemoeffector concentration and
change in motion, with potentially deleterious consequences
in extreme environments (e.g., in steep repellent gradients),
but also in fast-changing ones. The latter case could be
particularly important evolutionarily as motility peaks at
the entry into stationary phase, when bacteria are competing
for scarce resources (49). In contrast, the output of most
other two-component systems lies in transcriptional regula-
tion (9,11,12). These systems feature overall in vivo
response times of minutes to hours (50), and their signaling
involves phosphorylation reactions with in vitro timescales
of minutes (51).
We have shown that the requirements of fast signaling
impose lower bounds on the dissociation constant, KMd , be-
tween CheY-P and FliM and hence on CheY-P abundance,
as well as on CheZ and CheA abundances. These lower
bounds are satisfied by experimental values, giving the right
order of magnitude for KMd , CheY-P, and CheZ, and indi-
cating a low active fraction, a, of CheA in the adapted state.
In practice, our pathway model gives a ¼ 0.25 in the
adapted state, within the range of previous estimates, which
vary from a few percent (21,44) to ~30% (26,45). Note that
similar constraints might exist on the abundance of CheR
and CheB, since they control the dynamics of adaptation
(19). However, rapidity constraints are less obvious on the
adaptation timescales than on the fast response timescales
studied here.
Several other features of the chemotaxis pathway reflect a
pressure toward rapidity. First, the existence of a dedicated
phosphatase for the response regulator CheY, which is un-
common for two-component systems, suggests the impor-
tance of fast turnover of the CheY-P pool. Second, CheA
is an extremely fast histidine kinase: when incorporated
in signaling complexes containing chemoreceptors and
CheW, the autocatalytic rate of CheA is kAcat ¼ 20=s for
E. coli (52–54) and Salmonella typhimurium (29), which
makes it four to five orders of magnitude faster than other
kinases in two-component systems (Table S3). Another
possible signature of the pressure toward rapidity is that
the response timescale of the chemotaxis pathway is only
slightly larger than the diffusion time of CheY-P across
the cytoplasm (Fig. 2 B), estimated using measured diffu-
sion coefficients (40,41) and a characteristic cell size of
~1 mm. Hence, the response of the chemotaxis pathway isBiophysical Journal 108(5) 1293–1305almost as fast as it can be. Note that our model, which
focuses on average concentrations, should slightly underes-
timate response timescales due to the neglect of diffusion.
Thus, a full spatial model (55) should yield slightly more
stringent lower bounds on protein abundances.
One can wonder why the adapted CheA active fraction, a,
is low (<30%), whereas CheA is pushed toward extremely
high rapidity of autophosphorylation. Neumann et al. (44)
showed that a low a makes the dynamics of the pathway
response robust to slowly varying multiplicative noise.
The pathway output is assumed to be proportional to a,
with the proportionality factor fluctuating, but more slowly
than the response timescales of the pathway. In the study by
Neumann and co-workers (44), the output is chosen to be
the fraction of CheZ bound to CheY-P, which is measurable
by FRET. The noisy proportionality factor then involves the
ratio of total CheA abundance to total CheZ abundance
(see Eq. S18 in the Supporting Material). The robustness
of the dynamics to such multiplicative noise arises from
the fact that at low a, the signal amplification at the receptor
level is exponential, via the Boltzmann factor for CheA to
be in its active state (44). Since rapidity constraints imply
a[CheA]tot T 0.25 mM, requiring in addition an adapted
a < 30% implies [CheA]tot T 0.83 mM, which is only
approximately three to four times lower than the experi-
mental value. Note that this would also entail a lower bound
on a receptor concentration of 5.0 mM, given the stoichiom-
etry of the array.
Since the requirement of fast signaling calls for high abun-
dances of chemotaxis proteins, it follows that these protein
levels should be higher than in homologous systems with
different outputs. Many bacteria with chemotaxis pathways
similar to that of E. coli (56), and for which similar time-
scales are expected (57), possess multiple gene clusters en-
coding Che proteins. Some of these paralogs regulate
twitching motility based on type IV pili, whereas others are
involved in very different cellular functions, such as develop-
ment, biofilm formation, cell morphology, cell-cell interac-
tions, and flagellar biosynthesis (56,58). In the Supporting
Material, we compare expression of the Che proteins
involved in chemotaxis to the expression of those from
paralog clusters, in five different bacteria (Pseudomonas aer-
uginosa, Vibrio cholerae, Caulobacter crescentus, Sinorhi-
zobium meliloti, and Rhodobacter sphaeroides), using data
from published microarray studies.We find that homologous
nonchemotactic genes are significantly less expressed (at the
mRNA level) than the genes actually involved in chemotaxis
(Tables S4–S8), with the exception of the CheY involved in
twitchingmotility inP. aeruginosa, which might also be sub-
ject to rapidity constraints (see Supporting Material).
It is also interesting to compare the cellular abundances of
CheA and CheY to those of the histidine kinases (HKs) and
response regulators (RRs) in other two-component signaling
systems. Table S9 provides such a comparison for E. coli.
The protein abundance data come from several published
Abundances of Chemotaxis Proteins 1301studies and show significant variability, which may be ex-
plained by differences in media, growth phases, strains,
and techniques, and the comparison should thus be taken
with caution. However, it appears that CheA proteins are
orders of magnitude more highly expressed than all the
other HKs for which data are available (Table S9). The com-
parison is less striking for CheY, since it does not appear to
be particularly highly expressed among RRs in the data
from Taniguchi et al. (59), but the protein abundance
measured in Li and Hazelbauer (16) is much higher and
would place CheY among the most highly expressed RRs
(Table S9). Although in E. coli, CheA and CheY are ex-
pressed at comparable levels (16), a number of other RRs
are one or two orders of magnitude more highly expressed
than their cognate HKs (Table S9). In two-component sys-
tems with bifunctional HKs that also dephosphorylate their
cognate RRs, high RR abundances enable the level of phos-
phorylated RR to be insensitive to variations in the HK and
RR abundances (60,61). The E. coli chemotaxis pathway is
different, since it possesses a dedicated phosphatase, CheZ.
However, the condition for obtaining a plateau of [CheY-P]
at high abundances (Eq. 15) and the corresponding adapted
value of [CheY-P] (Eq. 16) both depend on the ratio of CheZ
to CheA abundances, which may fluctuate. Additional
mechanisms provide robustness with respect to this ratio.
First, CheZ is activated upon interaction with CheA-short
(23,24), and most phosphatase activity takes place at the
receptor arrays (25), which keeps phosphatase activity
coupled to kinase abundance. Second, CheZ oligomerizes
in the presence of CheY-P (62), and this increases its activity
(63). Finally, the dependence of a on [CheB-P] (Eq. 11),
together with the competition between CheB and CheY
for CheA-P, are thought to couple kinase and phosphatase
activities, since CheZ and CheY abundances are strongly
coupled (44).
Hence, high chemotaxis protein abundances appear to
arise from the specific rapidity constraints on the chemo-
taxis pathway. Supporting this view, we note that chemo-
taxis protein abundances similar to those in E. coli are
found in the Gram positive bacterium Bacillus subtilis,
which has even more chemoreceptors (64).Self-assembly requirements yield additional
constraints
Apart from the constraint of fast signaling, the chemotaxis
pathway is also unusual among two-component systems in
that it involves two types of large self-assembled multipro-
tein complexes: the chemoreceptor arrays, which allow for
signal amplification via cooperativity (8,30,45,65), and the
rotary flagellar motors, which enable the cell to swim. The
self-assembly requirements of these complexes also con-
tribute constraints on the abundances of chemotaxis proteins.
First, inclusion in receptor arrays increases the autocata-
lytic rate of CheA by two orders of magnitude (29), so onlyCheA in arrays is functionally relevant (see Materials and
Methods and Table S2). However, overall cellular propor-
tions reveal a significant excess of CheA with respect to
the precise 6:1:1 receptor/CheA/CheW stoichiometry of
the receptor arrays (7); for instance, overall proportions
are 2.2:1:1 for strain RP437 in rich medium (16). Endres
and colleagues (30) showed that overexpressing receptors
up to approximately seven times the wild-type level at
native CheA level leads to a stronger response to repellent,
i.e., to a stronger kinase activity, which shows that CheA
is strongly in excess in these conditions, too. Besides,
in vitro assembly of receptors alone leads to the forma-
tion of nonfunctional structures, called zippers, whereas
adding CheA and CheW in excess to stoichiometric array
proportions yields arrays (7). Hence, in E. coli, the correct
self-assembly of the receptor arrays seems to require an
excess of CheA. Note, however, that overall cellular
proportions appear to be different in B. subtilis, but this bac-
terium also expresses soluble (nontransmembrane) chemo-
receptors (64).
Second, self-assembly of the flagellar motor appears
to constrain the abundance of the protein FliM. In the
motor, FliM forms a ring of ~32 subunits (28) that bind
CheY-P to mediate switching of the direction of motor
rotation. Studies (21,27,28,31) reveal that only a small
fraction of FliM (<30%) is part of complete motors (see
Supporting Material, esp. Table S10). Nevertheless, under-
expression and overexpression experiments indicate that
FliM constitutes a limiting resource for proper motor as-
sembly (27). Consistent with this observation, >25% of
FliM is found in partially assembled structures (28,31),
with only ~16% of FliM copies free in the cytoplasm
(31). Since it is likely that FliM in partially assembled
structures binds CheY-P with an affinity comparable to
FliM in complete motors, these additional FliM contribute
to the lower bound on the total cellular concentration of
CheY-P, CCheY-P ¼ [CheY-P] þ [FliM,CheY-P], yielding
the second term, which accounts for 23% of the total
CheY-P lower bound. Hence, motor self-assembly require-
ments on FliM abundance provide a separate lower bound
on CheY-P abundance by a factor of only ~4 lower than
our complete lower bound, which involves the actual value
of KMd .
Since FliM is in excess of the requirement for com-
plete motors, one can ask if the FliM level is constrained
by signaling requirements. However, our study demon-
strates that both the gain and the output of the path-
way are very robust to variations of the abundance of
FliM (Fig. 5 B). The gene encoding FliM does not
belong to either of the meche and mocha operons that
encode the Che proteins (10,15,66). Hence, FliM expres-
sion levels are likely to feature nonnegligible abundance
fluctuations with respect to other proteins in the pathway,
making robustness to FliM abundance variations a useful
feature.Biophysical Journal 108(5) 1293–1305
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concerted increase of protein abundances
The abundances of chemotaxis proteins were measured in
two different E. coli strains considered wild-type for chemo-
taxis, in both rich and minimal growth media by Li and
Hazelbauer (16). Strikingly, chemotaxis proteins tend to
be more expressed in minimal medium than in rich medium.
Although this increase is modest for the reference strain
RP437, where Che protein abundances increase from 1- to
1.1-fold, it is very strong for strain OW1, where Che protein
abundances increase 9.4 times, from 0.22-fold to 2.0-fold.
Proportions are well-conserved despite this high vari-
ability of abundances (16). The Che proteins are expressed
from two adjacent operons in the E. coli genome, the meche
operon, which encodes CheR, CheB, CheY, and CheZ, as
well as two types of chemoreceptors, and the mocha operon,
which encodes CheA and CheW (10,15,66). Both meche
and mocha operons are in the same regulon; they are under
transcriptional control of the sigma factor s28 and of the
anti-sigma factor FlgM (15). In addition to this transcrip-
tional coupling, these genes also feature translational
coupling (66). This enables the expression levels of the
Che proteins to be correlated and their proportions to be sta-
ble (10,15). In the study by Kollmann and colleagues (15),
where the abundances of chemotaxis proteins were varied
in a concerted fashion by modulating the expression of
FlgM, the chemotactic efficiency of cells (measured by a
swarm assay) was found to increase sharply up to about
wild-type abundance, and then to keep increasing much
more gradually while progressively leveling off.
We find that the gain at the level of the response regulator
CheY-P increases substantially for concerted increases of
the abundances up to about reference levels, and more
moderately above reference levels, reaching a plateau in
the high-abundance limit. This dependence of the gain on
protein abundances (Fig. 4 B) is consistent with the swarm
assay results of Kollmann et al. (15). Gain is a crucial quan-
tity, since drift velocity in a shallow chemoeffector gradient
is proportional to gain (46). Moreover, an increase of the
gain could further sensitize cells to small changes of attrac-
tant concentration (45), which may be beneficial in poor
media. This effect is strong for strain OW1, where we find
that the gain in [CheY-P] is increased by a factor of ~5 in
minimal medium as compared to rich medium (even more
if the small variations in abundance ratios (16) are ac-
counted for). The small gain obtained for 0.22-fold abun-
dance, corresponding to the expression level for strain
OW1 in rich medium (Fig. 4 B) arises from the small non-
phosphorylated CheY reserve in this case (only ~5% of
the total CheY in adapted conditions), which entails a small
response to an increase of a. Note in addition that CheYand
CheZ abundances in strain OW1 in minimal medium are
smaller than our lower bounds derived from rapidity con-
straints, indicating slower response times.Biophysical Journal 108(5) 1293–1305In addition to the increase of gain, receptor overexpres-
sion has been shown to increase cooperativity among recep-
tors by increasing the size of receptor signaling teams
(30,65,67). This additional cooperativity can also increase
sensitivity to low attractant concentrations. Together, these
increases of sensitivity help explain why the proteins of
the chemotaxis pathway are overexpressed in minimal
medium compared to rich medium (16), despite the cost
of additional protein expression.SUPPORTING MATERIAL
Supporting Materials and Methods, three figures, and ten tables are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)
00118-6.
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